validity of some of the observations has been established beyond reasonable doubt, other observations require verification, and in some cases conclusions drawn fiom the valid observations are unjustified and untenable.
The difficulty workers have had in formulating hypotheses of the metiology of dental caries which fit the facts suggests that a diversity of factors was involved, and that many of these are accidental, incidental or accessory to the cause, but nevertheless affect the speed of the carious process or its incidence. Only a few of the hypotheses which have been presented can be briefly surveyed here.
Nutritional Factors
If diet is accepted as having an effect upon the incidence of dental caries then the question arises whether this is brought about by nutrition or by local environment. The nutritional effect might be connected with the ingestion of any substance and may be due to its presence or absence in the diet. A nutritional effect might be produced by some change in the environment of the tooth surface such as an alteration of the saliva secretion, or the tooth structure may be affected during its formation.
It has been suggested that lymph gains access to the enamel surface by permeating the enamel cap [7] carrying with it a protective agent. Although enamel can act as a permeable and a semi-permeable membrane [8,,91 the degree would appear to be slight; and no measurements are known to have been made in the mouth, so the quantitative effect is unknown. Since root-filled teeth do not decay more readily than vital ones the effect cannot be of prime innnortance.
Saliva.-Caries commences on the surface of the tooth and as this surface is constantly JUmN-ODoNr. 1 bathed by saliva, it would be reasonable to expect that alteration in the constituents of the saliva would have an effect upon caries. A slight correlation between caries incidence and the variation in the composition and properties of the saliva has been shown. Broderick [10] considered the pH of the saliva was of prime importance but others find little correlation between caries and salivary pH. Hawkins [11] found a better correlation when the pH and the calcium and phosphorus content were taken together and was able to group by this means: Immune to decay, Immune with pyorrhoea, Active Decay and Erosion, and Class 5 cavities. He was satisfied that the cause of dental caries was a faulty acid-base and calcium-phosphorus balance and that he could alter this balance by dietetic means. Hawkins therefore ascribes preventive virtue to a diet moderate in protein, low in cereal, high in calcium and of high potential alkalinity.
Other workers have had great difficulty in altering the pH of the saliva or its mineral content, and when any change was noted it was transient. The various peoples of the world, following their national food habits, are carrying out natural experiments on diet. Examination of these shows that the immunity and susceptibility to caries in the different areas is not explained by the hypothesis put forward by Hawkins, for some people living on a high cereal diet [121 show a considerable degree of immunity.
Clinically increase of tackiness of the saliva is associated with high susceptibility to caries. In rats after the removal of salivary glands a greater incidence of caries on a caries-producing diet is encountered; so that quantity and the physical properties of the saliva would also seem to have some effect [13] ; but none of these factors taken individually or together sufficiently explains susceptibility or immunity to caries.
Structure.-The effect of nutrition upon the structure of the teeth has been studied by Mellanby [14] and others and a connexion between hypoplasia of the enamel and the calciumphosphorus and vitamin-D intake has been well demonstrated. The interrelation of these and various other factors in the food such as phytic acid has been shown. The rationale of this work is that the structure of the surface attacked would be expected to be of considerable importance.
A correlation between the caries incidence and the roughness (M. hypoplasia) of the surface of the enamel was shown by Mellanby in London school children [15] and by King [16] in children from various parts of the British Isles. During the years 1929-1947 a reduction of dental caries and hypoplasia was shown in the London school children between the ages of 5 and 6 [15] . The improvement noted is due, it is suggested, to the increased calcifying properties of the diet during pregnancy and the post-natal period, and the reason for the greater increase in improvement noted during 1945-1947 is stated to be clear cut, in that during the whole of the ante-natal and post-natal period calcium had been added to the bread, vitamins to the margarine ration, and milk and cod-liver oil had been available .to expectant and nursing mothers. This hypothesis does not explain why Channel Island children [17] , left at home on the island, had about half the amount of caries experience of those, who, evacuated to England, were living on our food during the same war period and attained a caries experience identical to that of the English children; nor does it explain why other European countries showed an even greater decrease in caries during the same period; nor why the caries incidence is so low in India where rickets and other deficiency diseases are common. Pre-eruptive Care Toverud, K. UI., and Toverud, G. [18] , have noted the actual effect of pre-eruptive care on children's teeth at their clinic. They compared the children whose parents had received ante-natal and post-natal care, including foods containing an abundance of calcium, phosphorus and vitamin D, with those children who first attended.the clinic after the age of 1 year. Both groups received the same post-eruptive care. Although the numbers were not great, comparison of the dental caries experience of the two groups showed that from the age of 21 to 7 although the dental caries increased year by year, those who received ante-natal and post-natal care had less caries than those who had not. Under the age of 4 years the percentage reduction was marked, but as the caries increased with each year the percentage difference between the two groups became less and less marked. The effect of the treatment was equivalent to a delay in the onset of dental caries of a year or less, but thereafter the number of new cavities per year was imperceptibly affected. Supplementing the food of expectant and nursing mothers therefore may reduce dental caries appreciably during the early years of life, with all the benefits that may mean, but no extravagant claims in the prevention of dental caries by ante-natal care are justifiable, and the effect of supplementing the ration of pregnant and nursing mothers and of children during the war years in England cannot be separated from the effect of other dietary changes during the same period.
Ingestion of fluorine in the drinking water during tooth formation also affects caries incidence. Weaver [4] compared the caries experience of children from North and South Shields and showed that at the age of 12 those taking fluorine in this way had only half the caries experience; but again the yearly increase was scarcely affected and the improvement was equivalent to a delay in onset of from three to five years. In the temporary dentition this makes a vast difference to the clinical picture.
Post-eruptive Nutritional Effects
Ingestion of fluorine after the tooth has formed is thought to have no effect on caries incidence, but the ingestion of calcium, phosphorus and vitamin D, it is claimed by Mellanby [15] , has some effect on the teeth after they are erupted. The post-eruptive effect noted by Mellanby on Institutional children may be due to alteration of the calcium content of the saliva for Patterson found the calcium content of the saliva was doubled after taking the high vitamin diet. She found that Institutional children had teeth of poor quality but less caries than the Public School and L.C.C. children, and postulated that the Institutional children had a better post-eruptive calcifying diet and therefore became more resistant to caries. Boyd and Drain [19] brought about an arrest of dental caries and an almost complete cessation of caries incidence in children on a controlled diabetic diet. They consider a balanced diet produces immunity, but the low caries incidence with the high protein diet of the Eskimo and the high cereal diet of the Indian does not bear out this suggestion. It is interesting to note that Boyd and Drain, in balancing the diet, reduced the carbohydrate intake but did not object to refined sugar being taken with meals. Some consider that an ample ingestion of proteins is essential to give protection against caries and cite people living on a high protein diet as evidence for this idea. An adequate supply of vitamin C was at one time thought to reduce caries [20] by 50% but further trials do not support this view. The "quality of the proteins" [21] in fresh, "living" or humus-grown vegetables, although undemonstrated, has been suggested as being the necessary protective agency. Such a factor has not been identified.
Single factors have been used as evidence to support several hypotheses. The fact that Eskimos have a low caries incidence has been used to show that (a) a high protein diet, (b) a diet rich in minerals and vitamin D, (c) a natural diet, (d) a detergent diet, (e) a diet low in carbohydrates, (f) refined carbohydrates, and (g) hard carbohydrates, is the cause of the Eskimo's immunity. The fact is compatible with all of these hypotheses but does not prove any of them.
Local Factors in the Mouth
The diet also affects the amount and type of food that is left to stagnate about the teeth. After taking a meal of sticky food the stagnation areas can be observed by the presence of food in them, and if a dye is swabbed about the teeth the presence of debris can be more clearly demonstrated. The site, the number and the size of these stagnation areas are shown to depend upon the several factors of mastication habit, the shape of the teeth, and the shape of the fissures upon them and the arrangement and occlusion of the teeth. These areas correspond to the common sites of caries attack and it is natural that attention should be focused on such a clinical correlation. The amount of food left upon the surfaces of the teeth is affected by the physical properties of the food and this aspect has been extensively studied by Sim Wallace [22] . He noted the scouring effect of fibrous foods upon the teeth and the prolonged mastication required when eating them; the combination leaving the teeth clean.
With highly refined foods, on the other hand, the scouring effect is missing and mastication is perfunctory, with the result that soft bulky deposits of food are left about the teeth for varying periods of time. Fibrous foods were caught only upon faulty restorations or in abnormal interdental spaces. Bibby [23] found that the chewing of fibrous foods was much superior to the tooth brush in removing particles of various sizes from the mouth.
Price [2] correlated the incidence of dental caries with the refinement of cereals in the diet. When whole grain was utilized caries incidence was low and with increasing degrees of refinement of the grain the caries incidence rose. Price associated this with the removal of phosphorus from the food, but many other substances including fibre are also lost in the refinement of cereals and any effect shown to be due to refinement could be equally ascribed to the loss of any of the substances removed. Bibby [24] also found that the methods of preparation of food, the size of the starch granules and many other factors affected the stickiness of the food and its property of remaining about the teeth.
The factors concerned with the problem of stagnation and its connexion with dental caries include the type of food stagnating about the teeth, the process of its decomposition, the bacteria involved, the end products of decomposition and their possible effect upon the tooth substance, and the various substances present in the mouth.
Miller's Hypothesis
Miller's supposition [25] to account for what he considered happened was an hypothesis of a two-stage process: an acid decomposition with softening of the tooth substance, consequent upon bacterial fermentation of carbohydrates which lodge after each meal in crevices and between the teeth, followed by a dissolution of the softened tissue which in the case of 21 395 
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enamel was practically wanting. This explanation of the immediate cause of caries has been at different times added to, attacked or confirmed.
In testing [26] the possibility of Miller's acid decalcification hypothesis it is found that the enamel can be dissolved completely, etched, or softened and made opaque by various strengths of acid. Acids have been demonstrated in the mouth by measurements of the pH of the tooth surfaces [27] , on material from beneath bacterial plaques [28] and on material from carious cavities. It was shown that a considerable degree of acidity can occur, which, in itself, could produce damage to the tooth surface. Such low readings were only found intermittently but the lowest readings were consistently found in caries-susceptible subjects.
It would seem from these observations that dental caries is associated with a considerable degree of acidity which in itself is capable of damaging the tooth structure both in vivo and in vitro. Teeth are rarely damaged by the acid of fruit juices. Although caries so commonly occurs in an area of stagnation and the soft greenish plaque is associated with enamel destruction beneath it, not all stagnation areas become carious nor is the unhygienic mouth found to be more prone to caries. The type of substance [29] stagnating about the teeth and all the various factors associated with it have been the objects of a great deal of study in seeking the answers to such problems.
Refined carbohydrates.-Even before Miller's time sugar was considered bad for the teeth and he and others demonstrated that sugars and starches could be fermented to produce acid by the bacteria of the mouth. Teeth subjected to sugar-saliva and bread-saliva mixtures were attacked as if by acid and the mixture itself became acid. A great many of the steps are now known of fermentation of the carbohydrates to lactic and pyruvic acids [30] . Many of the enzyme systems and co-enzymes involved in the process have been described and the factors which retard or accelerate the process under mouth conditions are known.
The hypothesis that the refined carbohydrates are connected with the cause of dental caries has many points in its favour. Groups of people consuming large quantities of refined carbohydrate show a high caries incidence and when this consumption increases caries incidence increases. Bunting [31] showed that in a small group of Institutional children there was a considerable increase in caries following the addition of sugar to the diet. Bakers and confectioners and those exposed to refined carbohydrate dust suffer from an increased caries incidence in the exposed anterior teeth. People living on an unrefined high carbohydrate diet show a remarkably low incidence in caries, but when this is replaced by more refined carbohydrates the incidence of caries increases [5] . When the consumption of these refined carbohydrates is reduced, such as in wartime, caries incidence is reduced. This has lately been shown to have occurred in Finland, Norway and Denmark [6] . A similar but lesser reduction in caries incidence also occurred in England during the same period and although the total consumption of carbohydrates was increased the refined carbohydrates were reduced. Jay, by reducing the carbohydrate content of the diet (and by increasing the protein content), reduced the incidence of caries in a large number of children. No caries has been produced in animals on diets devoid of carbohydrates [32] , and as refined carbohydrates replace whole grain and other foods caries increases considerably. These experiments show many other factors also have an effect. Reduction of food intake without other adjustment to the diet produces a reduction in caries, and feeding the parents on the caries diet before gestation even for two generations increases the incidence [33] . Strain differences are also noted [341.
All such observations allow possibilities and interpretations other than that refined carbohydrates are the dominant factor, but the possibilities have been considerably narrowed down. When the carbohydrate diet, shown to produce caries, is fed to a susceptible strain of animal with addition of specific enzyme inhibitors and without other alteration, the caries incidence is remarkably reduced. Caries can also be similarly reduced by addition of antibiotics. This has been confirmed by clinical observations on human subjects.
The accumulated data would suggest that the intake of refined carbohydrates taken under certain conditions was an important accessory cause of dental caries which cannot be ignored.
BACTERIOLOGY
A vast number of different bacteria are commonly present in the mouth and many found in carious cavities are present also on the intact tooth surface. The organism that can withstand the greatest acid concentration is usually found to be Lactobacillus acidophilus and for this reason has been the object of much study. Many organisms in pure culture produce acid by the fermentation of carbohydrate but no pure culture of an organism produces acid as rapidly as a mixture of organisms or at the rate that it appears in the mouth. A coccus is usually present in the deepest layer of dental caries; the lactobacillus is only present in a certain percentage of carious areas [35] . Both these organisms, however, are able to produce sufficient acid in vitro to damage a tooth surface and both organisms are found in areas upon the teeth where a concentration of acid occurs in the mouth. Both can be present in non-carious mouths but this is not evidence that they do not cause damage under other circumstances. This may depend on factors such as nutritional supply, the presence of inhibitory agents, and on the presence of other symbiotic or antagonistic bacteria.
Harrison found that of organisms recovered from ground-up carious rat molars, lactobacilli comprised only 0 3 % of the total bacteria and streptococci 69%. Plaques studied in carious areas in humans contained lactobacilli in only 51 % of cases and streptococci in 92%, in non-carious plaques the lactobacillus was present in 27 % and streptococci in 60%. In studying 500 plaques from particular tooth surfaces the Streptococci viridans began to decrease forty-two weeks before caries appeared and decreased more rapidly after lesions had developed; the aciduric cocci were present in approximately the same amounts before and after caries commenced, but the lactobacilli showed a steady rise from 12%, in the plaque forty-two weeks before caries started, to 50%Y. after caries had commenced. This observation shows that the presence of the lactobacillus is definitely correlated with the carious process but shows that other organisms also take palt. The quantitative presence of the lactobacillus in a sample of saliva is the test widely used for caries susceptibility. The total aciduric organism count, the combined bacterial activity as measured by carbohydrate breakdown, acid production, and solution of calcium in sugar-saliva mixtures, all show a similar correlation with caries activity.
Many types of proteolytic organisms are also present in carious cavities. Burnett [36] isolated over 80 types and although they showed active proteolytic properties on the usual media, none was able to attack dentine or enamel unless it had been first completely decalcified. Pincus [37] has found a proteolytic organism, however, that is capable of attacking the enamel surface. Many organisms in the mouth form pigment, some appear to be associated with caries, but others produce various stains upon the teeth and are associated with a lesser degree of susceptibility. What is certain is that acid is formed rapidly on the tooth surface in the presence of sugar solution [27] , and in the caries-susceptible person it is formed more quickly and in greater amounts. This is considered to be almost entirely due to bacterial activity.
Protective surface membranes.-Membranes, cuticles and pellicles have been described [38] on the surface of the teeth, originating either from the epithelial remnants of the formative enamel organ or from substances deposited upon the tooth surface. The deposits are shown to be something more than dried mucus. They appear upon abraded and attrition surfaces of the teeth, upon fillings and in fissures, both in the enamel and beside fillings. These membranes are shown to be resistant to acid, but that they have little protective importance is suggested by the fact that they are situated in just those areas which are prone to dental caries.
The protective action of a high fat content of the diet has been noted by many, including Sim Wallace [22] , and rats fed on various oils nutritive and inert, mixed with their food, showed [391 a considerable reduction in caries.
PROTEOLYSIS
Caries begins on the surface ot the enamel. If it does so on an otherwise self-cleansing surface there is deep penetration with little lateral spread, but if it begins on a smooth surface it may spread over that surface in any direction which is so protected as to form a stagnation area [40] . The penetration follows the direction ofthe prisms and within the enamel substance little lateral spread occurs. In section the lesion forms one or more cones whose bases are upon the surface.
The translucent and glossy surface of the enamel is changed to a dull white opaque area which may map out the interproximal area or follow a course close to the gingival margin as a band, at times surrounding the entire tooth. Instead of the whiteness a pigmentation varying from a light brown to black may take place. This discoloration does not occur in simple acid destruction of enamel. In section this pigmentation shows a distribution somewhat similar to the opaque change. In rapid caries the enamel is chalky white and so is enamel which is being attacked from the dentinal surface, at times over a wide area. This enamel can be scraped away readily by an excavator, leaving the outer surface unchanged.
It has been suggested that the pigmentation indicates a proteolytic change of the organic substance of the enamel [41] . When the apex of the cone of enamel caries touches the dentine at the amelo-dentinal junction and initiates caries of dentine, lateral spread and a more intense colour appear [42] . This increase in speed of the carious process as it reaches dentine and the more intense discoloration are suggested as being due to the greater amount of organic material in dentine and that the carious process is proteolytic in nature [41] . The apex of advancing enamel caries commonly strikes the dentine at an enamel tuft; the earliest changes in the dentine appear immediately beneath it. These enamel tufts contain more organic material than the surrounding enamel, as is shown in decalcified preparations, and, as measured by indentation tests [43] , are softer than the surrounding enamel. If the deeper caries of the enamel is proteolytic in nature the whole process might be expected to be similar in nature, including the initial stages. Surface coverings are found on the tooth, JUNE-ODONT. 2 in grooves and in pits and upon the whole tooth surface except in the centre of the selfcleansing areas. These are organic in nature and are present in just those areas in which caries commonly starts. T4ey prove to be resistant to acid and, in fact, act as a protection to acid destruction of the enamel surface in experiments in vitro [41] . Structures and faults in the enamel are filled with organic material which was either deposited during formation of the enamel or gained entrance later. These are the lamellk commonly seen in section. Many pass into an enamel tuft and both tufts and lamellie are thought by histologists to be of indentical nature, i.e. collections of enamel prism sheaths [44] . Many of these lamellae are full of organisms. Other collections of organisms are found amongst the enamel prisms forming a network, these have been termed pseudo lamelli [45] . Whether they occur in decalcified areas or are accompanied by decalcification has not been determined.
Consequent upon these findings the hypothesis has been put forward that caries is primarily a proteolytic process and not one of acid decalcification. Frisbie believes the earliest pathological change is an acidophilic alteration of the enamel matrix, indicating a proteolysis of the matrix which is followed by a disorganization of the inorganic constituents. Liquefaction of the matrix frees the less soluble basic tricalcium phosphate and thus favours solution by acidogenic bacteria.
Gottlieb [41] considers that within the substance of the enamel acid decalcification is the spearhead of attack and pigmentation follows, but in lamelle, which form a ready pathway for organisms direct to the dentine, pigmentation is in advance of the acid attack and that without such lamelke caries of the enamel would be impossible.
What the clinician understands as caries, Gottlieb observes, starts first as a white chalky area upon a protected surface of the tooth, is produced by acid, penetrates the enamel, then the dentine, and within the substance of the enamel is in advance of the pigmentation. He also states that micro-organisms produce acid as well as a proteolytic enzyme and on several occasions "that caries has two components".
Upon these data there is no justification, except by definition, for him to say that "caries of the dentine as well as of the enamel is entirely a proteolytic action". Preventive measures designed on such a doubtful basis are for that reason not acceptable, but may, nevertheless, be of therapeutic value on another account.
He also states that dentine has about 66 % of organic matter and the enamel has only about 5 % of organic matter. The figure given by Manly and Deakins [46] for the organic content of dentine is 38-9%. The percentage of 60 to 66% organic material is too great even for percentage by volume; this is of some moment as conclusions are based upon it.
Pincus [47] also suggests that the organic substance in the enamel is of importance in the initiation of caries and found that bacteria exist in the mouth which are capable of attacking enamel without the aid of acid. He found bacteria from carious lesions were able to produce lesions in vitro resembling clinical caries without the presence of acid.
He says [48] an explanation of enamel caries may be that enamel protein resembling a mucoprotein may release sulphuric acid by enzymatic hydrolysis through the action of sulphatase which is produced by Gram-negative bacilli commonly present in the mouth. This would result in attack on the relatively insoluble inorganic part of the enamel.
It scarcely seems possible that the small percentage of sulphuric acid that can be derived from the protein, which is itself only present in a small amount in enamel-Anderson [49] gives the figure for enamel protein as 0'3 % to 1 %°-could be capable of destroying the enamel in the manner in which it occurs in enamel caries.
Gottlieb considers that the organic material is increased in the carious area as shown in decalcified sections and that the organic material acts as a barrier against acid attack, protecting the parts beneath. This is brought forward as evidence against acid being the attacking agent in caries, but measurements in the mouth show acid is concentrated in the carious area. This in vitro experiment is the exact opposite of what occurs in the mouth; acid is concentrated in the organic material and saliva bathes the surrounding surface.
The pigmentation noted by Gottlieb and others, and suggested as being produced by proteolysis of the small amount of organic material present in enamel, might be produced by secondary invaders from the mouth. He considers the staphylococcus takes part in the causation of dental caries but Matthews [50] can find no such correlation between caries and the presence of a staphylococcus.
Lamelle run parallel to the long axis of the tooth and where these cross a carious cavity a slight extension of the cavity is seen to run along them, so that they, in fact, are assisting the carious process at this point. They may have been the channels of the introduction of bacteria to the depths of the enamel and so have initiated the carious attack, but many sections of caries of enamel show the apices of the characteristic changes on many occasions do not coincide with lamellie, nor can the presence of lamelle explain the cone-shaped penetration, nor. the pattern of the attacked enamel surface within a stagnation area.
Lamellk, or faults, in incisor teeth commonly become stained and infected, but do not become carious in length to form narrow vertical cavities resembling fissures in molar cavities.
Events that occur in caries of dentine beneath enamel seem to be of a different order, depending on the different structure, composition and location and have not been included in this account. The initial attack on the enamel surface is the all-important matter in the consideration of preventive mqasures.
